Graphitic nanodisks of typically 20 -50 nm in thickness, produced by the so-called Kvaerner Carbon Black and Hydrogen Process were dispersed on gold substrate and investigated by atomic force microscopy (AFM), field emission scanning electron microscopy (FE-SEM), and confocal Raman spectroscopy. The roughness of the gold surface was drastically changed by annealing at 400 o C. AFM measurements show that this change in the surface roughness induces changes also in the topography of the nanodisks, as they closely follow the corrugation of the gold substrate. This leads to strained nanodisks, which is confirmed also by confocal Raman microscopy. We found that the FE-SEM contrast obtained from the disks depends on the working distance used during the image acquisition by In-lens detection, a phenomenon which we explain by the decrease in the amount of electrons reaching the detector due to diffraction. This process may affect the image contrast in the case of other layered materials, like hexagonal boron nitride, and other planar hybrid nanostructures, too.
Introduction
Industrial amounts of carbon nanodisks can be produced by the so-called Kvaerner Carbon Black & Hydrogen Process (CBH) [1] , which decomposes hydrocarbons directly into carbon and H 2 , based on a specially designed plasma torch [2] . The solid output of this pyrolytic method consists of nanocones (20%) [3] , a large number of carbon nanodisks (70%), and carbon black (10%). The properties of this relatively new material have not yet been fully investigated. Several studies focus on the structural characterization of the nanocones [1, 3, 4] which have well-defined symmetry exclusively determined by the topology at the cone tip.
Such nanocones form when several carbon pentagons incorporate into the atomic structure, determining the angle of the cones. Nevertheless, the nanostructures which occur most frequently in the samples produced by the CBH method are the carbon nanodisks.
Transmission electron microscope and electron diffraction studies reveal that these disks have multi-layered, graphitic structures [5] . In this study we focus on the characterization of the carbon nanodisks by atomic force microscopy (AFM), field emission scanning electron microscopy (FE-SEM), and confocal Raman spectroscopy. We show that the disks can bend and form curved sheets by following the morphology of the underlying substrate. Surface engineering the structure of two-dimensional membranes is an emerging field which is currently intensely studied with respect to graphene sheets [6, 7] . During the FE-SEM investigation of the carbon nanodisks we observed a contrast anomaly which we think is likely to be observed also in the case of other layered nanoscale crystalline materials, like hexagonal boron nitride (h-BN), or hybrid nanostacks of graphene/h-BN [8] .
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Experimental details
As-grown samples of carbon nanodisks and nanocones produced by the CBH method were obtained from n-TEC (Norway). Isopropyl alcohol and ultrasonic treatment (70 W) was used to suspend the material at a concentration of 0.1 mg/ml. Droplets from the suspension were dispersed on a gold surface which was prepared by depositing Cr/Au (5/300 nm) on a Si wafer. Carbon nanodisks were first identified by optical microscopy and topographic measurements were performed by tapping mode AFM using a Nanoscope IIIa operating in air. AFM cantilevers from Nanosensors were used (PPP-NCHR), with tip radius of curvature of less than 10 nm. The sample was annealed at 400 o C in air using an electric furnace with quartz tube of 18 mm inner diameter. We used a WITec alpha300 RSA+ instrument for confocal Raman imaging and excitation lasers of 633 nm and 488 nm. FE-SEM observations were performed in a LEO 1540XB microscope with In-lens detector, using an operating voltage of 3 kV. In order to investigate the same nanodisks before and after annealing, we marked the sample substrate with crossing lines using pointed tweezers. Then we chose to investigate nanodisks positioned close to line crossings, which could be easily identified in the combined optical microscope -AFM system we used.
Results and discussion
The AFM characterization of the substrate shows that the deposited gold film ( Figure 1a) has a surface with root mean square roughness (RMS) of 2.7 nm. After heating the sample at 400 o C the roughness of the gold surface changed significantly due to surface diffusion of gold particles. This produced a wavy surface (see Figure 1b ) with peak-to-peak distances of
several tens of nanometers and in some regions even hundred nanometers. The RMS increased to 48.1 nm. This effect is similar to the roughening observed in annealed Au thin films [9, 10] . AFM measurements performed on the nanostructures supported by the asdeposited gold substrate revealed that in most cases the carbon nanodisks are not completely flat. We observed frequently that they have bent structures. For example, the nanodisk in Figure 2a shows significant upward bending in the vertical direction (light coloured upper part of the nanodisk). In horizontal direction the nanodisk is flatter and here we measure a thickness of approximately 30 nm. It is interesting that the surface morphology formed during annealing modulates the topography of carbon disks too, which follow closely the hills and valleys of the underlying gold surface. This is illustrated in Figure 2b which is the AFM image of the same nanodisk as in Fig. 2a , acquired after annealing. One observes that the topography of the disk changed completely. This means that the surface imparts a strain to the disk which produces a deformation of 8 -9%. This deformation was determined from the ratio between the vertical (H) and the horizontal (L) distances measured between the markers in Fig. 2b . The nanodisk appears to have sunk partially into the surface, due to the diffusion of gold particles which had built up at the perimeter of the disk upon annealing. A similar effect is shown in Figure 2c -d, where two partially overlapping nanodisks are observed. Here, carbon black particles of about 100 nm in diameter were sitting on the surface of the disks, which were quite mobile and introduced instabilities in the AFM image in Fig. 2c . Figure 2d shows the two nanodisks after annealing. One can observe the rough, wavy gold surface and also that the larger carbon black particle was pushed away, probably by the AFM tip. We focus on the smaller diameter nanodisk, labelled 2, which suffered a significant topographic distortion upon heating: the surface reconstruction of gold compressed the disk and produced a depression in the centre of the disk. The total deformation is as high as 22% (H/L), 2.4 times larger than its initial deformation.
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After annealing we measured the disks shown in Fig. 2 by confocal Raman microscopy.
Figures 2e and 2f show the spectral distribution of the G peak centre (ω G ) determined by Lorentz fitting to the Raman spectra. Comparing these maps to Fig. 2b and 2d, respectively, we find good correlations with the topographic images. The spectra collected from topographic valleys show G peaks at higher wavenumbers whereas these peaks appear at wavenumbers closer to the equilibrium value of the G peak ( = 1582 cm -1 ) when measured on hills. The maximal shifts from are 9 cm -1 for Fig. 2e and 12 cm -1 for Fig. 2f (disk no.
2), which correspond to a maximal compressive strain ( ) of -0.16 % and -0.21 %, respectively, if we neglect peak shifts induced by doping inhomogeneity. Here we used the equation [11] , where 1.8 is the Grüneisen parameter of the G peak obtained by the first-principles calculations [12] . We do not observe pronounced 2D
peaks for the carbon disks in Fig. 2 . However, we can estimate the maximal strain also from the maximal shift of the D peak spectral centre ( ) which is 14 cm -1 and 17 cm -1 , respectively. Here we consider the equilibrium value of the D peak = 1315 cm -1 . Using , and 2.3 [11] we obtain strain values of -0.23% and -0.28%, respectively, which are higher than the ones determined from the shift of the G peaks. The difference originates from the fact that the spectral position of the G and D peaks is not only due to strain but also to doping. We show in Figure As for the slope indicating pure doping we used (Δω D /Δω G ) = 0.375, again considering half
the slope of (Δω 2D /Δω G ) = 0.75 for hole doping induced by electrical gating [13] . This approach is true in a first approximation, because the D peak involves scattering off one phonon around the K point, whereas the 2D peak involves two phonon scattering events [11] .
Thus any changes to the phonon frequencies are larger by a factor of 2 in the case of the 2D mode with respect to the D mode. The correlation plot clearly shows that the distribution of peaks measured on the carbon nanodisks is due to a combination of both strain and doping effects. A point on the correlation plot which is closer to the solid line means that the shift is mainly caused by strain. On the other hand, a point which is close to the dotted line shows dominant doping effects. In order to determine which effect changes more significantly when the sample is annealed we performed confocal Raman imaging on a nanodisk both before and after annealing. The corresponding maps of ω G are presented in Fig. 3a Fig. 3c we observe that the distribution of the peaks shifted towards higher wavenumbers and this shift is mainly parallel to the strain slope. The majority of the points (red circles) are closer to the solid line, which shows that upon annealing the variation in strain is the dominant effect. The shift of the peaks can be also observed on the averaged Raman spectra shown in Figure 3d (see for example the inset which is a zoom on the G peak). Furthermore, the spectra reveal that the intensity of the D peak is comparable to the one of the G peak, indicating important disorder in the graphitic structure of the nanodisk. Similar D peak intensities were measured on other nanodisks as well, thus the spectra in Fig. 3d can be considered as typical for the as-grown material. Worthy to note that apart from shifting the peak positions, annealing at moderate temperatures (up to 400 o C) do not induce significant change in the intensity ratio between the D and G peaks. This intensity ratio can be related to
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According to Eq. (1), we obtain L a = 3.9 nm, comparable with previous works [15, 16] . AFM measurements performed in a scan window of 350×350 nm 2 on the surface of a nanodisk are shown in Figure 4 . Interestingly, the phase image shows small domains of 5 -20 nm in diameter (Fig. 4b, light-coloured spots) where the phase signal changes significantly. We attribute these changes in the phase to the presence of both crystalline and less crystalline (amorphous) regions that are separated from each other, which is in accordance with the structure determined from X-ray diffraction and Raman spectroscopy [16] .
The carbon nanodisk sample dispersed on gold surface was also investigated by FE-SEM.
A typical nanodisk is shown in the images of Figure 5a -b which were measured after annealing. We observe a mixture of dark and light regions on the area surrounding the nanodisk, which we label A-and B-type regions, respectively. These features are actually everywhere on the sample and they originate from the significant modification of surface roughness upon annealing. In-situ energy-dispersive X-ray spectroscopy (EDX) measurements reveal that in the A-type regions the Cr signal is more intense due to a thinner gold layer. On the other hand the B-type regions correspond to thick gold surface.
Furthermore, we label with C the nanodisk regions lying on top of the thick gold.
Interestingly, the image contrast given by the nanodisk changes with the working distance (WD) of the SEM observation, when using the In-lens detector. While for WD = 6.5 mm the nanodisk is the darkest region in the image (Fig. 5a) , it gives almost no contrast to region B,
i.e. it appears transparent when WD is decreased to 2.3 mm (Fig. 5b) . The alteration of the contrast is shown in Figure 5c 
Conclusions
We have shown by AFM measurements that carbon nanodisks can significantly deform as they follow the surface roughness changes of gold substrate induced by annealing. This leads to strained nanodisks, which is confirmed also by confocal Raman microscopy. They support deformations as high as 22 %, which makes them interesting alternative candidates for fillers in composite materials. We observed that the FE-SEM contrast obtained from the disks depends on the working distance at which the image was obtained. We explain this finding by the diffraction of the secondary electrons on the graphitic structure, which decreases the amount of electrons reaching the detector. This contrast alteration is likely to be observable also during the FE-SEM investigation with In-lens detection of other nanoscale crystalline materials forming homogenous or heterogenous two-dimensional nanostacks. 
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